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We studied the association between air pollution and cardiopulmonary fitness among 821 schoolchildren aged 8 T he beneficial effects of regular physical exercise on preventing coronary heart disease and certain cancers have been well documented. Physical exercise improves cardiopulmonary fitness, which is traditionally assessed by measuring the maximal oxygen uptake (VO 2 max)-the maximal rate at which oxygen can be taken up and used by the body during exercise.
1 VO 2 max has been reported to have a significant correlation with physical exercise and training in both sexes. [2] [3] [4] Air pollution has become a problem in many major cities throughout the world, and many urban residents have been forced to perform physical exercise in an environment with substantial air pollution. Whether doing physical exercise in this environment is harmful to health remains uncertain. Some studies have indicated that the respiratory health and ventilatory functions of children could be adversely affected by long-term exposure to air pollution, [5] [6] [7] [8] [9] but the effects of air pollution on cardiopulmonary fitness or VO 2 max have not been documented. We conducted a study to explore the association between air pollution and cardiopulmonary fitness among schoolchildren and whether the effects of exercise on VO 2 max would be modified by air pollution.
Methods

Study Population
The study was conducted among children attending primary schools in two districts of Hong Kong. One district (Kwun Tong) was relatively highly polluted as a result of the presence of industry and a high concentration of automobiles (labeled as high-pollution district or HPD); the other district (Shatin) was a new town with mainly residential buildings and some commercial activities (labeled as low pollution district or LPD). All third-to sixth-grade students between 8 to 12 years old from four schools in each district, chosen for their proximity to the air qualitymonitoring stations of the Environmental Protection Department, were invited to participate in the survey.
Concentrations of Air Pollutants
The Environmental Protection Department routinely conducted 24-hour monitoring for a number of specific air pollutants in different districts of Hong Kong. SO 2 was measured using continuous UVfluorescence analyzers (TECO43); NO 2 by dual channel chemiluminescent analyzers (Monitor 8840); and RSP by high volume samplers (Sierra-Anderson) on 3-day cycles.
Respiratory Questionnaire
Parents of eligible schoolchildren were asked to complete a selfadministered questionnaire modified from the American Thoracic Society. 10 Questions were asked of the child's current and past history of respiratory symptoms, respiratory illnesses, physical activities (frequency and duration of organized sports and vigorous free play, such as running, cycling, and ball games), and socioeconomic background. The smoking history was obtained independently from the child.
Predicted Maximal Oxygen Uptake
We have previously described in detail the methods used for determining VO 2 max. 11 In brief, the multistage fitness test (MFT) was conducted among school children (after written consent was obtained from their parents) in accordance with the National Coaching Foundation Guideline. 12 In this test, subjects were asked to run back and forth on a 20-meter course. The running pace was set by audio signals emitted at set intervals from a prerecorded tape in a cassette recorder. The running speed increased progressively after each minute, and the subjects entered a new level. The MFT was performed in groups of six children who were instructed to run at the pace of the audio signal and to complete as many laps as possible. The child was asked to run at maximum effort and would be stopped when he/she was unable to follow the pace or when he or she could not complete a lap. The number of laps at the highest level attained was used to predict VO 2 max.
Lung Function Testing
Lung function testing was conducted by a trained technician in accordance with the American Thoracic Society's recommendations. 13 A Vitalograph ® Compact Dry Spirometer (Vitalograph Ltd., Buckingham, UK) was used. The forced expiratory maneuver was conducted in the standing position and using nose clips. The maneuver with the largest forced expiratory volume in 1 second (FEV 1 ) and forced vital capacity (FVC) from at least three attempts was chosen for obtaining the FEV 1 and FVC. The spirometer was calibrated each time before use. All values were corrected to the conditions of body temperature and pressure saturated with water vapor (BTPS). In addition, the body weight (in kilograms) was measured using an electronic scale and the height was measured in meters. Body mass index (BMI) was calculated as the weight (in kilograms) divided by the square of the height (in meters).
Statistical Analysis
A respiratory illness was defined as a doctor-diagnosed disease. A respiratory symptom was considered to be present if the child had frequent/ chronic cough or sputum, wheezing, or wheezing with shortness of breath in the previous 12 months. Habitual physical activity was divided into active and inactive. Active children were those who participated in sports and/or vigorous free play at least three times a week for at least 30 minutes each time. 2 tests were used to test differences between proportions, and t-tests for differences between means. Pearson's correlation coefficient (r) was used to indicate the strength of the correlation between two continuous variables. Four stages of analysis of covariance were performed to estimate the difference between the means of VO 2 max in the two districts, adjusting for different combinations of covariates. The basic model (model 1) included the basic demographic variables of sex and age and an indicator of socioeconomic status, ie, parent's occupation. Personal habits (physical activity and smoking) were added in model 2. In model 3, the personal habits were replaced by variables related to health status (BMI, FEV 1 / FVC ratio, any respiratory disease, any respiratory symptom). Model 4 included all groups of covariates. The relationship between habitual physical activity and VO 2 max was then explored separately in the two districts after controlling for the other covariates. Statistic analysis was performed using SAS, version 6.12 (SAS Institute Inc., Cary NC).
Results
The mean annual concentrations (during the 12-month period preceding the study) of SO 2 , NO 2 , and PM 10 were respectively, 22.8 g/m 3 , 58.5 g/m 3 , and 57.6 g/m 3 in the HPD and 11.8 g/m 3 , 42.9 g/m 3 , and 44.9 g/m 3 in the LPD. Eight hundred and twenty-one subjects successfully completed the MFT, the spirometry test, and returned the parent-completed questionnaire. Five hundred fifty-five subjects (participation rate 66%) lived in the LPD and 266 (participation rate 71%) lived in the HPD (Table 1 ). All children had been living in the same district for at least 1 year. The mean ages of students in the LPD and the HPD were 9.19 years (SD 0.88 years) and 9.92 years (SD 0.82 years), respectively (P Ͻ 0.01). The mean BMI (in kg/m 2 ) was 16.71 (SD 2.98) for students in the LPD and 17.47 (SD 3.09) for students in the HPD (P Ͻ 0.01). Students in the HPD had a lower mean FEV 1 /FVC ratio (0.88, SD 0.08) than those in the LPD (0.90, SD 0.06; P Ͻ 0.01). Table 2 presents the anthropometric characteristics, smoking status, habitual physical activity, and the prevalence of reported respiratory illnesses among study subjects. Compared with those in the LPD, students in the HPD reported a significantly higher prevalence of asthma and wheezing with shortness of breath. There was no significant difference between the LPD and the HPD in sex, parents' occupation, active or passive smoking, and habitual physical activity.
The overall mean value of the predicted VO 2 max was 29.3 mL. kg -1 ⅐min -1 (SD 4.54). VO 2 max was weakly correlated with age (r ϭ 0.14, P Ͻ 0.01), BMI (r ϭ Ϫ0.3, P Ͻ 0.01), and FEV 1 /FVC ratio (r ϭ 0.13, P Ͻ 0.01). Table 3 presents the mean VO 2 max by demographic and other variables. It was significantly higher in boys and in students with habitual physical activity and in students whose parents were not whitecollar workers. The mean VO 2 max was lower among students from the HPD (28.5 mL⅐kg
) than that of students from the LPD (29.7 mL⅐kg -1 ⅐min -1 ). Individual respiratory symptoms and diseases were not significantly associated with a lower level of VO 2 max. Table 4 shows the adjusted mean VO 2 max in models containing different covariates. The difference in the mean VO 2 max between students in the two districts increased substantially, from 1.2 mL⅐kg
, after adjusting for demographic covariates (model 1). Adding personal exposure covariates marginally increased the difference (model 2). However, adding healthrelated covariates slightly reduced the difference (models 2 and 4). The differences in the adjusted mean VO 2 max in the two districts were statistically significant in all four models. In model 4 (which included all potential confounding variables), the adjusted mean of VO 2 max was 27.9 mL⅐kg 
⅐min
-1 in LPD. Boys, older students, and those who had regular physical activities had a higher level of VO 2 max. Students with better ventilatory function (higher FEV 1 /FVC ratio) also performed better. However, a higher BMI and having parents with whitecollar jobs were associated with a lower level of VO 2 max.
The relationship between habitual physical activity and VO 2 max was explored separately in the two districts after adjusting for the other covariates (Table 5 ). In the LPD, there was a statistically significant increase in VO 2 max of 1.8 mL⅐kg -1⅐min -1 among students who were habitually engaged in physical activity compared with those who were not. In the HPD, the difference in VO 2 max between physically active and inactive children was small and ).
Discussion
We conducted a study on the VO 2 max of 821 primary school children in two districts with different levels of air pollution in Hong Kong. After controlling for potential confounders, children in the HPD had a significantly lower VO 2 max compared with those living in LPD. In LPD, VO 2 max was significantly higher among those who performed habitual physical activities than those who did not. This association between physical exercise and cardiopulmonary fitness was not obvious in the HPD. To our knowledge, this is the first report in the medical literature showing that an association between air pollution and cardiopulmonary fitness exists among schoolchildren and that physical exercise in a high-air pollution environment might not have intended beneficial effect on cardiopulmonary fitness.
In this study, we used the MFT to obtain an estimation of aerobic capacity. The field test has been found to be highly correlated to VO 2 max measured in the laboratory, 14, 15 although local data on the validation of the MFT against measured VO 2 max were lacking. Our findings of a higher level of VO 2 max in boys, older students, and those who had regular physical activities were consistent with previous reports in the literature.
2,16,17
The smaller number of participants in the HPD might raise some concerns about selection bias. The MFT was not offered in one school because of equipment failure during fieldwork. There were no differences in the other characteristics among children in this school compared with those in the other participating schools in the HPD. Students from 8 classes of the three participating schools in the HPD did not join the MFT because of time conflicts with other school activities. We compared the background characteristics between the participants and the nonparticipants in the HPD and found that boys had a higher participation rate than girls, as well as those with regular physical activities. Participants in the HPD also had significantly better lung function than nonparticipants. In the LPD, participants were slightly younger and also had significantly better lung function than nonparticipants. Self-selection bias was possible; those who were physically more active and having better lung functions being more willing to participate in the MFT. There was a possible overestimation of the mean VO 2 max in the HPD because the participants were in general more physically active and had better lung functions. The true difference in VO 2 max between children in the two districts, therefore, would have been greater than that observed in this study. All field measurements were completed within a short period of 4 weeks in early spring in the selected schools from the two districts in a random order. Hence, the differences in outcomes between the two districts could not be attributed to systematic differences in the weather conditions during fieldwork in the two districts. Nearly all primary school children in Hong Kong lived in the same districts as their schools were situated, and the location of the schools should be a good surrogate for the location of the residences. Our results indicated that students in the district with higher air pollution had a lower mean VO 2 max than those in the less-polluted district. To explore the possibility that this difference could have been caused by differences in the characteristics of the children in the two districts other than their exposure to different concentrations of air pollutants, we specifically investigated the demographic characteristics (age, sex), socioeconomic status (parents' occupations), personal habits (smoking, physical activity), and personal health status (BMI, FEV 1 /FVC ratio, respiratory symptoms and diseases) in these children. In addition to the influence of sex, age and physical activities mentioned above, students with better ventilatory function (higher FEV 1 /FVC ratio) performed better. However, a higher BMI and having parents with white-collar jobs were associated with a lower level of VO 2 max. The difference in the adjusted means of VO 2 max between children in the two districts was consistent and statistically significant when different combinations of covariates were adjusted in the models. The differences in the adjusted means in the two districts obtained from these models varied only slightly, ranging from 1.7 to 2.1 mL⅐kg
. We also considered various sources of indoor pollutants, such as the number of meals cooked per day, the burning of incense, the presence of pets and carpets, and the habit of opening windows, but none of these had any significant influence on VO 2 max (results not shown). Hence, our results supported the hypothesis that air pollution was associated with a lower level of VO 2 max and this association remained significant after adjusting for potential confounding factors. Although our study might suffer from the inherent weakness of the cross-sectional design-the temporal relationship between cause and effect could remain unclear-it is difficult to envisage that families having children with poorer cardiopulmonary function would selectively choose to live in areas with higher air pollution.
It is well documented in the medical literature that air pollution is associated with increased mortalities and morbidities from the respiratory and cardiovascular diseases. 18 -23 Air pollution has also been shown to adversely affect the ventilatory function of children and hinder lung function growth. [5] [6] [7] [8] [9] Our study added one more to the list of harmful effects of ambient air pollution-it is associated with a decrease in physical fitness in children, as measured by VO 2 max. Moreover, the expected beneficial effect of physical exercise on cardiopulmonary fitness could not be documented in a more polluted environment. The differences in the mean annual concentrations of SO 2 , NO 2 , and PM 10 between the two districts ranged from 11 to 15.6 g/ m 3 . The differences were relatively small, but adverse effects were already quite apparent. The actual reduction of VO 2 max in the HPD was approximately 2 mL⅐kg -1
. min -1 . Although one might question the physiological importance or clinical implication of such a small difference in VO 2 max, the degree of reduction should have public health implications because of the huge numbers of schoolchildren being affected in the community. In fact, the magnitude of the difference (approximately 6% to 7%) was greater than the usual differences observed in pulmonary function (FVC or FEV 1 ) changes associated with exposure to air pollution, which were usually in the range of 3% to 4%. 6 -9 What is the underlying mechanism for an association between air pollution and lower maximum oxygen update? A decrease in VO 2 max might result from a decrease in uptake of oxygen from the lungs into the circulation or a decrease in the maximum cardiac output or a reduction of the oxygen carrying capacity of the blood. The skeletal muscle characteristics (mitochondrial enzyme levels, capillary density), which would affect O 2 uptake and consumption, were probably much less important. 24 The uptake of oxygen from the lungs in turn would depend on the rate of oxygen supply to the alveoli (ventilation) and the diffusing capacity of the lungs. Our results showed that ventilatory function (FEV 1 /FVC ratio) did affect the VO 2 max to a mild degree. The maximum cardiac output would depend on the maximum heart rate and the maximum stroke volume. The oxygen-carrying capacity of the blood would depend on the amount of red blood cells and the hemoglobin concentration. It was possible that oxidative lung damage and inflammation of the lung tissues induced by the air pollutants might result in a reduction of the diffusing capacity. 25, 26 Particulate air pollution has been found to be associated with decreases in heart rate variability through the autonomic nervous system, [27] [28] [29] and this might result in a decrease in the maximum cardiac output that could be achievable during exertion. Sequestration of red blood cells in the peripheral vessels might result in a reduction of hemoglobin concentration, packed cell volume and red blood cell count associated with exposure to particulate air pollution, 30 and might lead to decreases in the oxygen carrying capacity of the blood.
Significant beneficial effect of regular physical exercise on VO 2 max was only found in students in the LPD and not in the HPD. It was possible that the differences could have arisen by chance or could be results of confounding factors that we were not aware of. It was also possible that regular physical exercises might not improve cardiopulmonary fitness as intended if they were being practiced in polluted air. This observation could have important public health policy implications in organizing physical activities (such as physical education classes) in environments of substantial air pollution. Some form of "health warning" on the futility of physical exercise in polluted air on cardiopulmonary fitness may be warranted when our findings are confirmed by future prospective studies.
In summary, our findings suggested that air pollution adversely affects the VO 2 max in school children and that physical exercise in a high air pollution environment seemed to have little benefit on the cardiopulmonary fitness. Both observations are of public health importance. The mechanism underlying these observations requires further research on the effects of air pollutants on various physiological parameters, including changes in heart rate, cardiopulmonary circulation, hematological changes, and diffusion capacity of the lung.
